Abstract. We have located and estimated source parameters of 109 earthquakes (0 to 5 M) using seismograms recorded at 2.5 km depth in the Cajon Pass borehole, southern California. The borehole is about 4 km from the San Andreas fault, at the boundary between the locked, almost aseismic Mojave and San Bernardino segments, where the San Jacinto fault approaches the San Andreas. This area is of interest both on account of its tectonic complexity and its high potential seismic hazard. The clear, relatively unattenuated downhole recordings are rotated to determine the incoming azimuth of the P wave, and the delay time between the P and S arrivals is used to estimate the hypocentral distance. The difference between the hypocenters located this way and the Southern California Seismic Network (SCSN) locations of the same earthquakes increases with hypocentral distance from the borehole. Of the earthquakes within 20 km of the borehole, 95% are within 1-2 km of the SCSN epicenters and all are within 5 km of the SCSN depths. All but three of the 58 earthquakes located here which the SCSN did not record were within 20 km of the borehole and so the location errors are similar to those of SCSN A and B quality events. Most of the small earthquakes occurred within the relatively active San Jacinto fault zone, but at least eight are located close to or within the San Andreas fault zone. The stress drops for these events range from 0.1 to 18 MPa. These earthquakes appear similar to the other events in this study suggesting that the San Andreas fault is similar to other faults at the scale of these small earthquakes. The variation in stress drop and slip orientation of these small earthquakes suggests that larger scale heterogeneity continues to these small scales. Also, the location of these small earthquakes in major established fault zones implies that earthquake source dimensions are not geometrically controlled by fault zone width.
This article describes the method used to locate the small earthquakes using only the single borehole station, and some of the first estimates of earthquake stress drop on the San Andreas fault in southern California. The location technique employed is simply to rotate the three-component seismograms to obtain the direction of the incoming P wave, and then combine that with the hypocentral distance (calculated I¾om the P and S wave travel time difference) to locate the earthquake. The spatial distribution of stress drop and seismicity in the complex tectonic area around Cajon Pass is then investigated.
Seismogram Rotation
The downhole seismograms are free of the seismic propagation through the highly attenuating and scattering near surface rocks encountered in surface recordings. Clear P and S wave pulses are seen [Abercrombie and Leary, 1993; Abercrombie, this issue] . Figures 2a and 2c show the three recorded components of two earthquakes, converted to displacement, with a flat response between 2 and 200 Hz. Notice not only the clear P and S pulses, but also the significant P wave energy on the horizontals, and S wave energy on the vertical. The depth of the seismometer is large enough that the rays have not been refracted to vertical incidence, as is usual/'or surface recordings.
For each event, a time window is selected to include only the first P wave velocity pulse, and the velocity seismograms are then rotated to find the direction maximizing the P wave energy within these windows (typically, 0.01 to 0.2 s). This direction (termed radial) is taken to be the incoming P direction. The two other directions are then defined as that in the horizontal plane, perpendicular to the radial (SH) and the third orthogonal direction (termed SV). Figures 2b and 2d show the results of the rotation for the two events. It is encouraging that not only is the P wave energy concentrated on the radial component, but that the S energy is almost purely on the other two components, even though the S energy was not used in the rotation procedure. The rotations were on average stable to within 2 ø to 3 ø for all events. Using only the first velocity pulse in the rotation prevented significant scattered energy from being included and produced the best match with the locations of those earthquakes located by the SCSN (see below). To perform the rotations, it is necessary to correct the seismograms recorded by one of the horizontals for a gradual horizontal components, and so using this technique, ct was constrained to be between 14 ø and 20 ø with no inconsistent polarity observations. The component H1 is therefore taken to be 18 ø east of north in determining the earthquake locations.
Comparison of the Single-Borehole Station and SCSN Locations
The delay between the P and S arrival times is used to determine the hypocentral distance to each event, using V Table 1 ) are typical of the total data set.
